The lack of physiological recordings from Caenorhabditis elegans 25 embryos stands in stark contrast to the comprehensive anatomical and gene 26 expression datasets already available. Using light-sheet fluorescence 27 microscopy (LSFM) to address the challenges associated with functional 28 imaging at this developmental stage, we recorded calcium dynamics in 29 muscles and neurons and developed analysis strategies to relate activity and 30 movement. In muscles, we found that the initiation of twitching was 31 associated with a spreading calcium wave in a dorsal muscle bundle. 32 Correlated activity in muscle bundles was linked with early twitching and 33 eventual coordinated movement. To identify neuronal correlates of behavior, 34 we monitored brain-wide activity with subcellular resolution and identified a 35 particularly active cell associated with muscle contractions. Finally, imaging 36 neurons of a well-defined adult motor circuit, we found that reversals in the 37 eggshell correlated with calcium transients in AVA interneurons. 38 39 40 41 42 43 44 45 46
Introduction 47
Spontaneous neural activity plays an important role in the formation and 48 refinement of developing circuits in many parts of the nervous system. The retina 49 has been a particularly powerful model for studying this phenomena because of its 50 highly organized connections and well-defined cell-types with known physiology 1 . 51
With an invariant cell lineage and reproducible neuronal wiring diagram, the 52 microscopic roundworm, Caenorhabditis elegans, offers the opportunity for a 53 systems-level view of spontaneous activity during neurodevelopment. Fourteen 54 hours after fertilization, the 222-cell nervous system of newly hatched larvae 55 supports coordinated movement and even learning 2 . Cell birth times are known 3 56 and process outgrowths are now being documented 4-7 , but functional recordings 57 from muscles or neurons of C. elegans embryos have yet to be reported. 58
Although the nematode's optically and genetically accessible nervous system 59 is ideal for calcium imaging, the embryo's small size, sensitivity to phototoxicity, and 60 rapid movements throughout the 50 x 30 x 30 µm 3 eggshell volume have 61 traditionally complicated image acquisition. We addressed these issues with light-62 sheet fluorescence microscopy (LSFM), where planar illumination and 63 perpendicular detection enable rapid imaging with efficient optical sectioning and 64 minimal photo-damage 8 . The inverted Selective Plane Illumination Microscope 65 (iSPIM 5,9,10 ) implementation is particularly well suited for C. elegans embryos 66 because of its high spatial resolution (~0.5 µm laterally, 1.5 µm axially) and 67 compatibility with conventional sample mounting on coverslips. Using open-source 68 control software (Methods; Fig. S1 in the Supporting Material) for iSPIM 69 acquisition, we acquired dozens of images per second for up to 5 Hz volumetric 70 imaging over several minutes across embryogenesis. 71
After recording unrestrained samples for functional imaging, considerable 72 effort is still required to extract meaning from the raw four-dimensional datasets. 73
The dynamic fluorescence signal must be segmented from the images, tracked in 74 space and time, and mapped back to relevant anatomical and behavioral features. 75 This has only recently been shown to be feasible for large neuronal populations in 76 freely moving adult C. elegans 11, 12 . The embryo poses unique challenges, as there is 77 more movement in the axial dimension and increased postural diversity compared 78 to a worm crawling on an agar surface. Here we address these analysis challenges to 79 document spreading calcium waves in body wall muscles, record brain-wide 80 activity, and identify neural correlates of behavior during embryogenesis. 81 82 Methods 83
Strains 84
Animals were maintained on nematode growth medium (NGM) seeded with 85
Escherichia coli (OP50). The following strains were imaged: AQ2953 ljIs131[myo-86 3p::GCaMP3-SL2-tagRFP-T](GCaMP in body wall muscles) 13 , VG563 unc-13(e312); 87 ljIs131(from cross of AQ2953 ljIs131 and CB312 unc-13(e312)), ZIM294 88 mzmEx199 per plane was 2.5-4.5 ms and inter-plane spacing was 1-1.2 um. To maximize speed, 124 embryos were oriented on the cover slip to minimize Z-steps (i.e. embryo long axis 125 perpendicular to optical axis) and the camera was rotated to minimize readout time 126 (i.e. embryo long axis perpendicular to camera chip readout direction), a 90 o 127 rotation to that previous reported 5, 16 . We imaged embryos at volumetric rates of up 128 to 5 Hz ([2.5 ms exposure/plane + 1.5 ms camera readout] * 30 planes spanning 36 129 um + 50 ms settle time = 170 ms / volume), but the associated phototoxicity (as 130 determined by delayed hatch time) put an upper limit on the duration of these 131 recordings. Depending on the strain and developmental stage, even 30 min of 2 Hz 132 imaging could delay hatching at the low end of laser powers used here (i.e. 50 µW, 133 measured after the objective). In the untwisted volumes, bundles were identified and linked across frames, as 172 described for the 2-fold embryo cross-sections ( Fig. 1h) . 173 174 Pan-neuronal: 175
As outlined below, local maxima were identified in each slice and then 176 consolidated in the stack at putative nuclear centers based on position and intensity 177 ( Fig. S4) . The marked nuclear centers were used to facilitate the manual tracking of 178 cells across frames. 179 1) Local maxima were identified in each slice manually and using the "Find 180
Maxima…" function of ImageJ (noise tolerance=50). 181
2) A custom MATLAB script linked maxima whose xy positions in adjacent slices 182 were separated by <1.4 µm (i.e. <8 pixels). Nuclear centers were then defined 183 as the intensity peaks through the stack. 184
3) To facilitate cell tracking, segmented nuclear centers were marked as blue 185 dots on the image. Nuclei were then manually linked across frames in ImageJ. After 186 tracking, errors were identified (and subsequently corrected) by examining: 187 i) extreme motion, as compared to other nuclei linked over that frame (i.e., if 188 the movement was >4 standard deviations above the mean). 189 ii) track convergence (i.e., if nuclear separation was <5.6 µm (i.e. <34 pixels)). ventral quadrants. Early spontaneous muscle twitching is essential for viability, as 226 mutants lacking critical muscle genes fail to elongate from ovoid embryo to worm-227 shaped larva 23 . To characterize the embryo's first twitch we imaged a strain 228 expressing GCaMP3 24 in muscle cells. Embryonic development was monitored with 229 brightfield illumination using the lower 10 x objective. We commenced image 230 acquisition several minutes before the embryo reached the 1.75-fold stage. Prior to 231 twitching, we observed localized calcium transients that were not associated with 232 muscle contraction (Movie S1). The first twitch was always a discrete event 233 characterized by a large spreading calcium wave and contraction of one of the 234 bundles (Movie S1). In 6 of the 6 embryos tested, the first bundle to contract was 235 dorsally positioned -in 2 embryos it was dorsal left and in 4 embryos it was dorsal 236 right. Some degree of stereotypy in the onset of twitching is perhaps expected, given 237 the invariance of embryogenesis up to this point. 238
We next investigated activity during early twitching by segmenting and 239 tracking the muscle-localized GCaMP3 intensity. As large contiguous structures, the 240 bundles were fairly easily defined in 1.75 and two-fold embryos with just a few 241 mouse clicks in the Simple Neurite Tracer ImageJ plugin 18 (Methods). Based on the 242 muscle quadrant coordinates so derived, a custom MATLAB script was used to 243 identify midlines, extract intensity, and link bundles across frames. Examining 244 GCaMP3 intensity shortly after the first twitch, in two-fold embryos, we counted 245 multiple calcium waves per minute in all quadrants (Fig 1a-c; Fig. S2; Movie S2) . In 246 addition to waves, we also observed bursts of fluorescence intensity that were 247 localized within each bundle in both the first and second folds (Fig. S2) . Calcium 248 transients were associated with muscle contraction, as revealed by a shortening of 249 the bundle (Fig. 1c) . We were able to link calcium transients to the motion of the 250 animal using axial rotation as a quantitative behavioral metric (Fig. 1d) : the muscle 251 bundles were automatically identified as local maxima from a cross-section at the 252 midpoint and u-track 2.0 19 with manual editing was used to link them across frames 253 (Methods). Instances of accelerated angular velocity were associated with 254 correlated events in left and right dorsal or ventral bundles (Fig. 1e) . the second time point ( Fig. 1f ), suggesting the formation of inter-bundle junctions 264 during the transition from 1.75 to 2-fold stage. Consistent with a lack of electrical 265 coupling, no significant positive correlations were observed in ipsilateral dorsal or 266 ventral bundles ( Fig. 1f) . Although negative correlations between these bundles is 267 reminiscent of the alternating dorso-ventral muscle contractions underlying 268 sinusoidal locomotion postembryonically 13,26 , the requisite neuromuscular junctions 269 are not apparent in EM at this stage of embryogenesis 22 . Consistent with the 270 hypothesis that the earliest twitches are myogenic and not controlled by the 271 nervous system, perturbing synaptic release with a mutant allele of unc-13 27 did not 272 impair the emergence of correlated activity in left-right muscle bundles (Fig. 1f) . 273 Furthermore, despite severe locomotion deficits post-hatching 28 , movement of unc-274 13 mutant embryos was statistically indistinguishable from controls at the 275 1.75/two-fold stage (Fig. 1g) . 276
Twitching is initially driven by spontaneous muscle contractions, but hours 277 after the first twitch, during the three-fold stage, neuromuscular junctions appear 278 and movement becomes more coordinated, suggesting some degree of motor 279 control 22 . To visualize muscle dynamics in three-fold embryos, we imaged at rates 280 up to 5 Hz (volumetric; Movie S3). Detailed examination of these dynamics is 281 confounded by the convoluted embryo posture. To map calcium traces onto a 282 common coordinate system, we adapted recently-developed software for 283 computationally straightening three-fold embryos 6 . Although designed for a specific 284 set of markers, body wall muscle fluorescence provided sufficient structure for the 285 software to define a worm shape and untwist it. After untwisting, GCaMP intensity 286 could be extracted from any position along the muscle bundle ( Fig. 1h-i; Movie S4) . 287
The ability to track muscle activity throughout embryogenesis provides a window 288 into neurodevelopment, as spontaneous contractions shift to coordinated motor 289 output presumably mediated by the nervous system. 290 291 Brain-wide calcium imaging at subcellular resolution in a freely behaving 292 embryo 293
We next attempted to characterize calcium flux in neurons directly. Recent 294 technological advances in microscopy, combined with better fluorescent probes, 295 have enabled near-brain-wide calcium imaging in immobilized worms, flies, and 296 flies, and fish 14,29,30 . This was even recently demonstrated in freely behaving 297 embryonic Drosophila 31 and adult C. elegans 11, 12 . Despite the challenges associated 298 with imaging a compact and entangled nervous system with significant movement 299 in the axial dimension, the C. elegans embryo offers certain advantages for pan-300 neuronal imaging; it has fewer neurons than the adult (222 in the embryo versus 301 302 in the adult hermaphrodite) and its behavior is naturally confined within the 302 eggshell -nature's own microfluidic device. To evaluate global brain dynamics with 303 subcellular resolution in a freely behaving C. elegans embryo, we used a strain 304 expressing nuclear-localized GCaMP5K 32 from a pan-neuronal promoter 14 . Nuclear 305 localization is essential for segmenting cells in the densely populated ganglia. 306
Nuclear GCaMP will not report activity compartmentalized in neurites 33 , but the 307 large calcium permeable nucleus is at least a good proxy for the cell body 14 , where 308 most postembryonic calcium imaging studies have been performed. 309
We recorded two 3.5 min sessions of activity in the early and mid three-fold 310 stages, at a 1.4 Hz volumetric rate. To facilitate manual linking across frames, we 311 first labeled nuclei centers based on the position and intensity of local maxima in 312 each slice (Methods). We tracked 65 cells across all frames of imaging session 1 313 ( Fig. 2a; Fig. S3; Fig. S4; Movie S5 ). From this dataset, one cell (termed "cell 1" in 314
Figure 2) stood out as particularly active, with multiple large intensity spikes (Fig.  315   2b) . Its high level of activity relative to the nearest ventral nerve cord (VNC) motor 316 neurons (positioned along the longitudinal axis of the embryo, i.e. cells 44, 3, 26, and 317 6) was readily apparent (Fig. 2c ) and suggests that imaging (Fig. S5) or motion 318 artifacts cannot explain the observed intensity fluctuations. We also found that the 319 intensity fluctuations observed in cell 1 were associated with a shortening of the 320 vector connecting the VNC nuclei anterior and posterior to the active cell (Fig. 2b-321 c). VNC motor neurons have been shown to have proprioceptive properties 34 , but 322 further work is needed to determine if this cell is eliciting and/or detecting the 323 associated muscle contractions. The relative inactivity of other cells may arise from 324 the incomplete representation of neural activity at the cell body at this 325 developmental stage. 326
Canonical cell identities were not known, but positional information could be 327 used to identify the same cells in multiple imaging sessions across embryogenesis. 328
Indeed, although increased movement with development made tracking more 329 difficult (Movie S6; Fig. S6 ), we were able to follow many of the same cells two 330 hours later, including the particularly active cell described above. Again we 331 observed that a shortening of the vector connecting its anterior and posterior nuclei 332 correlated with calcium events that were larger and more frequent than in 333 neighboring cells (Fig. 2d) . Although we could not assign a canonical ID to this 334 particularly active cell, we did search other embryos for similarly positioned nuclei 335 with calcium transients correlated with local muscle contractions. We identified one 336 such candidate from five recordings of early three-fold embryos (Fig. S6) . 337
Monitoring large populations of neurons, at single-cell resolution, in freely behaving 338 animals is essential for understanding nervous system control of motor output, yet--339 perhaps due to technical difficulties associated with image acquisition and analysis--340 such efforts remain scarce. Future work is aimed at strategies to unambiguously 341 identify neurons within these large ensembles (an unsolved problem in general), to 342 enable comparisons among animals and modeling of behavior at the cellular scale 35 . 343 344 Reversals in the eggshell are associated with AVA activity 345 Using sparser labels it is possible to track embryonic calcium activity in 346 groups of cells whose identities are known. Cell ablation, calcium imaging, and 347 optogenetic activation experiments have implicated bilaterally symmetrical AVA as 348 the command interneurons driving reversals in larvae and adults [36] [37] [38] . To determine 349 if a similar circuit mediated reversals of the embryo, we tracked calcium dynamics 350 in AVA using a strain driving GCaMP3 from the nmr-1 promoter, which expresses in 351 6 neuron classes, including AVA 21 . In late stage three-fold embryos, calcium events 352 were apparent in cell bodies and processes in the nerve ring and ventral nerve cord 353 (Movie S7). Measuring the mean intensity of the entire frame, we observed large 354 fluctuations (dF/F>0.6) in 6 of 17 embryos (Fig. S7) . To identify the source of the 355 signal and describe embryonic movement, we manually tracked AVA, RIM, and PVC 356 cell bodies in three of these recordings. Movement along the vector linking AVA and 357 RIM was used to calculate the velocity of the head along the longitudinal axis of the 358 worm (Fig. 3a) . In 2 of the 3 embryos analyzed, there was a significant negative 359 correlation between instantaneous velocity and mean intensity of that frame (Fig.  360   3b) . This significant negative correlation was also apparent using intensity derived 361 from either of the AVA cell bodies (Fig. 3b) . However, there was no significant 362 relationship between velocity and intensity derived from a PVC cell body (PVC is a 363 class of interneurons in the tail contributing to stimulated forward movement in 364 adults 36, 39 ). Examining the traces, it is clear that the temporal coupling of backward 365 movement and AVA activity in embryos is not as tight as in hatched animals 366 crawling on agar 37,40,41 . This could be the result of the immature state of the motor 367 circuit or movement constraints imposed by the eggshell. Nonetheless, at some 368 point before hatching, the C. elegans embryo is capable of coordinated behaviors 369 associated with similar circuitry as in the adult. 370 371 Discussion 372 iSPIM allowed us to interrogate calcium flux in freely behaving C. elegans 373 embryos with negligible phototoxicity, at subsecond temporal resolution, and 374 submicron spatial resolution. With these capabilities we linked muscle and neural 375 activity with movement. In order to study embryos with diverse GCaMP localization, 376
we developed several custom semi-automated analysis pipelines that facilitated 377 segmentation and tracking of dynamic changes in fluorescence intensity and 378 subsequent correlation with behavioral metrics (rotation, movement) that were 379 also derived from the underlying image data. We discovered that twitching initiates 380 in dorsal muscle bundles and we documented the early correlated activity that 381 drives axial rotation. We recorded brain-wide calcium dynamics and showed that 382 reversals in the eggshell are associated with activity of the reversal command 383 interneurons, AVAL and AVAR. 384 Anticipated improvements in instrumentation to enable better optical 385 sectioning 42 , higher resolution, increased collection efficiency, and faster acquisition 386 will further facilitate automation of cell segmentation and tracking over longer time 387 periods. Documenting early muscle dynamics and twitches will lead to a better 388 understanding of elongation, while examining the transition to coordinated 389 movement will lead to insights into motor system development. In neurons, 390 functional data will help to define the relationship between activity, process 391 outgrowth, and synaptogenesis. While adult locomotion has been the focus of much 392 research 43-45 , movement of the embryo remains almost completely unexplored. 393
Detailed behavioral characterization of the embryo in the post-twitching regime will 394 help focus future calcium imaging experiments to periods when neural circuits are 395 wiring up and coming online. We anticipate that functional data will add a valuable 396 layer of information to cross-reference with the rich anatomical and gene 397 expression datasets already available in C. elegans 46 
